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Introduction
Owing to its favourable structural properties, excellent durability and aesthetic appeal, stainless steel is gaining increasing usage in the construction industry and has attracted considerable attention from researchers and practising engineers alike [2] [3] [4] . Previous experimental research on stainless steel components has been dominated by tests on coldformed circular, square and rectangular hollow sections (CHS, SHS and RHS, respectively) and welded I-sections [5] , with other cross-section types receiving less attention. Column and beam tests have been performed on stainless steel oval hollow sections (OHS) [6, 7] , whilst tests on stainless steel non-doubly symmetric sections have been mainly focusing on angle [8] , channel [8] and lipped channel sections [9] [10] [11] in compression. Recently, tests on stainless steel lipped channel section beams bent about their major axis have been conducted [12] to investigate the interaction between distortional and global buckling. When asymmetric sections are subjected to bending about an axis that is not an axis of symmetry, flexure induces different stresses at the extreme tensile and compressive extreme fibres and leads to a shift in neutral axis with the progression of plasticity. No test data on the crosssectional response of stainless steel sections subjected to bending not about an axis of symmetry have been reported to date.
Current structural stainless steel design guidance [1] is concerned mainly with doubly symmetric sections, primarily tubular sections and I-sections, which are commonly employed in structural applications. However, mono-symmetric stainless steel sections and in particular angle sections are widely employed in a range of structural applications, to act as wind posts, lintels, truss chords, lattice towers, pipeline frames, retrofitting of current structures [14] and so on, due to their simple geometry and ease of fabrication of connections; hence their design is of considerable practical significance. The European structural design rules for bending rely essentially on the classification of cross-sections into discrete behavioural groups according to their element width-to-thickness ratios, as compared to specified slenderness limits set out in [1] . As reported in [5] , these slenderness limits were derived on the basis of experiments on stainless steel stub columns and beams, conducted primarily on SHS, RHS and I-sections. The lack of relevant test data on non-doubly symmetric stainless steel sections means that the current design provisions in EN 1993-1-4 (2006) [1] rely solely on assumed analogies with structural carbon steel and do not account for the special features of stainless steel, namely its rounded stress-strain response and pronounced strain hardening. Neglecting   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 the high degree of strain hardening has been shown to lead to overly conservative ultimate capacity predictions [5, 13] particularly for stocky cross-sections in bending. However, the effect of the nonlinear material behaviour of stainless steel on the structural response of nondoubly symmetric cross-sections in bending has not been studied to date. Given that beyond the elastic limit a shift in neutral axis occurs due to the spread of yielding throughout the cross-section and the high shape factors often associated with non-symmetric sections, it is expected that the effect of the rounded material stress-strain behaviour on the structural response will be even more pronounced for non-doubly symmetric cross-sections in bending.
To address these issues, an experimental study into the structural response of monosymmetric and asymmetric sections in bending has been carried out. A total of 16 beam tests were conducted in both the 3-point and 4-point bending configurations (8 tests in each).
Tensile coupon tests and initial geometric imperfection measurements have also been performed and are reported herein. Based on the obtained results, the current design provisions of EN 1993-1-4 [1] were evaluated and found to be safe, but excessively conservative over the full local slenderness range.
Literature review
Although there has only been limited research on stainless steel angles and channels in bending, there has been extensive work conducted on these sections made of structural carbon steel. A brief review of the previous research, with an emphasis on an angle sections, is given in this section.
Trahair studied analytically [15] the behaviour of single angles with different loading and restraint conditions in a series of papers recognizing the complexity that they present due to the lack of double symmetry and the coexistence of flexure, torsion and shear in many cases.
Initially, design recommendations were developed for the classification and moment resistance calculation of laterally restrained angle sections subjected to biaxial bending [16] , based on modifications to existing rules for I-section flange outstands, and reduction coefficients to account for the combined effect of torsion, shear and bearing were proposed [17] . Subsequently, based on large rotation analysis, design recommendations were proposed for unrestrained angle section beams subjected to major axis bending [18] , biaxial bending [19] , major axis bending and torsion [20] and biaxial bending and torsion [21] . In all cases 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 the material response was assumed to be elastic-perfectly plastic and slenderness limits were proposed, according to which either the elastic or the plastic moment resistance should be employed in design.
A series of numerical studies have been reported by Earls on slenderness limits and the ultimate moment resistance of single angle members, considering major axis bending [14] , geometric axis bending inducing compression in the horizontal leg [22] and geometric axis bending inducing tension in the horizontal leg [23] . Based on the numerical results, design recommendations for slenderness limits and bracing requirements were made [24] . The focus of the research reported in [14, [22] [23] [24] was on determining local and global slenderness limits to enable the plastic moment resistance of an angle section beam to be achieved, but with no explicit account for strain hardening. The high conservatism embedded in the then applicable design guidance was highlighted and the findings of [24] were taken into account in the development of the latest version of the only structural design code dedicated exclusively to angle members [25] .
The above numerical studies [14, [22] [23] [24] were validated against the tests reported by Madugula et al. [26] , who investigated the flexural response of double-angle beams subjected to 3-and 4-point bending, which simulated laterally restrained single angles bent about their geometric axis. Both possible orientations of geometric axis bending (i.e. inducing tension or compression in the horizontal leg) were considered. The experiments revealed a high level of conservatism in structural design codes, as even the most slender cross-sections exceeded their plastic moment resistance. A similar experimental approach to that reported in [26] is followed in the present paper.
Experimental investigation
In order to address the lack of experimental data on stainless steel beams with non-doubly symmetric cross-sections, a series of tests has been conducted in the Structures Laboratory of [28] . Laser-welding is an efficient production method, which employs powerful lasers to locally melt and fuse together individual metallic components (solid, hollow or flat strips) of varying thicknesses and material grades into a range of complete structural sections, such as I-sections, T-sections, angles and channels, without the use of filler material. This technology has been used for the production of mild steel and stainless steel sections [27, 29] . Owing to the high precision of the laser beam, the heat input is kept to a minimum, thus resulting in very small heat affected zones, low thermal distortions and low residual stresses [29] . The weld seams are very small in comparison to traditional arc welding processes, resulting in sections featuring essentially sharp edges and corners [27] , as shown in Fig. 1 . Hence the weld sizes were neglected in this study and it was assumed that all sections comprise plated elements with sharp corners.
A total of 3 channel and 2 angle cross-section geometries was considered. The channels were subjected to 3-point and 4-point bending in both possible orientations (i.e. inducing compression in the web (the 'n' bending orientation) and inducing tension in the web (the 'u' bending orientation)), resulting in a total of 12 tests on channel sections. The 2 angle sections considered were also subjected to 3-point and 4-point bending about their geometric axis inducing compression in the shorter leg, resulting in 4 tests in total. The geometries of the tested simply-supported beam specimens were measured prior to testing and are reported in Tables 1 and 2 for the angle sections and channel sections respectively, where the total specimen length, as well as the span length between the supports is also reported. The adopted symbols for the cross-section geometry are defined in Fig. 2 . Regarding the specimen designation, an "A" or "C" refers to an angle or a channel specimen; this is followed by the nominal cross-section dimensions and the number 3 or 4 to signify 3-point or 4-point bending, respectively. Since the angle sections were tested in pairs of nominally identical specimens, mean values of the paired angles are reported. The geometric proportions of the tested sections were such that they cover over all 4 cross-section classes [1] to allow a thorough investigation of the structural response of mono-symmetric sections over a wide range of local slendernesses. 
Tensile coupon tests
Tensile tests on coupons extracted from the middle part of the plates of the finished crosssections were conducted according to [30] , to obtain the basic material response and to facilitate the analysis of the subsequent test results. The tests were carried out in an INSTRON 250 kN machine with an initial strain rate of 0.00001 s -1 , increasing after the attainment of the 0.2% proof stress to 0.00007 s -1 up until the attainment of the 1.0% proof stress and then increasing to 0.00025 s -1 thereafter until failure. The key material properties, namely the Young's modulus E, the 0.2% proof stress f y , the 1% proof stress f 1.0 , the ultimate tensile stress f u , the strain at the ultimate tensile stress ε u , the strain at fracture over the standard gauge length [30] ε f and the Ramberg-Osgood parameters n and n 0.2,1.0 [31] [32] [33] , which are a measure of the nonlinearity of the material response, are reported in Table 3 . For the channel sections made up of plates of dissimilar thicknesses t, tensile tests on coupons extracted from both the flange and the web were conducted and labelled W and F for the web and flange respectively. The respective mill certificate values are given in Table 4 , where the material grade of the stainless steel plates making up the test specimens is also reported. It can be observed that the experimentally obtained 0.2% proof stress is, on average, slightly below the corresponding mill certificate value. This is attributed to the effect of the strain rate on the material response [34] , with mill tests typically conducted at higher strain rates than those used in the laboratory. It should be noted that the experimentally determined stress values are static values and were obtained by pausing the tensile tests for 2 minutes when approaching the 0.2% and 1% proof stresses and the ultimate stress and hence incorporate the static drop attributed to stress relaxation, which is commonly observed in similar tests [34] .
All tested coupons exhibited very high ductility, with strains at fracture ε f in excess of 60%.
Initial geometric imperfection measurements
Local initial geometric imperfections were measured along a 600 mm length of each tested section size, following the procedure reported in [35] . The specimens were firstly secured to the flat bed of a milling machine. A displacement transducer, which was attached to the head 7 of the milling machine, was then moved along the central 600 mm of the specimens, recording displacements at 20 mm intervals along the locations shown in Fig. 3 to obtain a representative local imperfection pattern for each constituent plate element. As shown in Fig. 3, measurements were taken along 2 lines for the outstand elements, namely along the supported edge and along the free edge, whilst for the internal plate elements, measurements were taken along the two supported edges and along the centreline of the supported element.
The datum line, deviations from which were considered to be local imperfections, was assumed to be a best fit line through the points measured in the vicinity of the nodal lines (i.e.
the lines at which the various plated elements intersect with one another) of the specimens.
The maximum measured values of the local imperfections measured along each plate and the overall maximum value w 0 are reported in Table 5 , where w fl1 , w fl2 are the maximum imperfections recorded for each of the flanges (w fl1 corresponds to the longer leg for the angle sections) and w web is the maximum recorded imperfection for the channel web. Given the effect of the fabrication process on the geometric imperfections and the lack of reported local imperfection data for laser welded stainless steel sections in the literature, these data can be used in the future validation of numerical models.
Experimental setup and instrumentation
All specimens were tested in both the 3-point and the 4-point bending configuration. All tests were conducted using displacement control with a crosshead movement rate of 3 mm/min.
For the 3-point bending tests, a concentrated load was applied at mid span, whilst 2 loads were applied via a spreader beam at third-points in the 4-point bending arrangement. The specimens had a span-to-height ratio of between 15 and 20, which was considered to be representative of the proportions of practical structural members and sufficiently high for the specimens to exhibit a primarily flexural behaviour with negligible influence from shear. All specimens overhung the end supports by 50 mm and 25 mm thick plates were employed to spread the load at the loading points and at the support locations (i.e. 3 plates for the 3-point bending and 4 plates for the 4-point bending), which were affixed to the specimens by means of bolting and clamping. The bolt sizes were limited to 6 mm, as this size was deemed sufficiently small not to affect the cross-sectional response and were located near the elastic neutral axis, where the influence of the bolt holes on the cross-section response would be minimal. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   8 For the angle specimens, two nominally identical angle sections were paired with the aid of 25 mm thick spacer plates, as schematically shown in Fig. 4 and were subjected to geometric axis bending (i.e. bending about an axis parallel to one of the angle legs) similarly to the sections studied in [22, 23, 26] . The spacer plates had a width equal to two times the inner leg width plus an additional 50 mm (i.e. 2(b-t)+50 mm) and a height equal to h-t. In this case, the plates served the additional purpose of forming a compound member with increased out-ofplane stiffness thus resisting the occurrence of lateral torsional buckling. Moreover, the presence of the spacer plates, which are shown schematically in Fig. 5 for the 3-point bending configuration, facilitates the application of loading through the spacer plates without inducing torsion. For the channel specimens the plates were mainly utilized to locally strengthen the test specimens at the locations of concentrated load application, hence mitigating against local bearing failure.
The employed instrumentation comprised a load cell to measure the applied load, one inclinometer at each end of the specimens to measure end rotations, and LVDTs at the loading points and at mid-span to measure vertical deflections. One LVDT was employed for the 3-point bending tests to obtain the mid-pan deflection and 3 LVDTs were employed for the 4-point bending tests, thus allowing both the maximum deflection and the curvature in the constant moment region to be monitored. Six strain gauges were affixed to the angle specimens (3 per angle section) and three strain gauges were affixed to the channel specimens to allow the monitoring of the position of the neutral axis. The strain gauges were located at the flange tips and at the middle of the web for the channel sections and at the flanges tips and the corner of the section for the angle specimens, as shown in Fig. 6 . The distance between the centreline of the strain gauges and the tip of the section plate on which they were affixed was 10 mm. With respect to the specimen length, the strain gauges were located at a distance of 50 mm from mid-span for the 3-point bending tests and at mid-span for the 4-point bending tests. 
Results and discussion

Behaviour of angle specimens and assessment of EN 1993-1-4 provisions
The behaviour of the tested angles is first discussed in the section, after which the provisions of EN 1993-1-4 are assessed. All tested angle specimens exhibited significant inelastic deformations in the plane of loading, followed by failure through local buckling. The deformed test specimens are shown in Fig. 8 . In the 4-point bending configuration, local buckling occurred over a single half-wavelength between the loading points, whilst for the 3-point bending specimens, local buckling was confined to the vicinity of the loading point at mid-span, where the compressive stresses are higher due to the presence of the moment gradient.
The full load-deformation responses obtained from the tests are illustrated for all angle specimens in non-dimensional format in Fig. 9 . The experimentally obtained moment at midspan M is normalized by the plastic moment resistance M pl of the respective cross-section, which is computed on the basis of the experimentally determined nominal yield stress f y and measured geometric cross-section properties. For specimens loaded in the 3-point bending configuration, the average measured end rotation θ is normalized by the elastic rotation θ pl corresponding to M pl , whilst for the specimens subjected to 4-point bending the experimentally determined curvature is normalized by the elastic curvature κ pl corresponding to M pl . All specimens initially exhibit a linear response. Both angle specimens loaded in the 4-point bending configuration can be seen to comfortably exceed their plastic moment resistance and to exhibit excellent deformation capacity as they maintain their moment resistance throughout very large inelastic deformations. The 3-point bending specimens can be seen to reach even higher moment resistances than their 4-point bending counterparts but possess lower deformation capacity.
It should be noted that failure of one of the bolts connecting the individual angle members of specimen A100×65×11-3 to the spacer plate occurred during testing, though this occured at high inelastic in-plane deformations, as can be seen in Fig. 9 , and is therefore believed not to have had a significant effect on the recorded ultimate load. However the bolt failure is believed to have had an effect on the deformation at which the failure load occurred. 
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All key experimental results obtained from the tests on the angle specimens are summarized in Table 6 . These include the width-to-thickness ratio c/tε of the two legs of the angles, which is the slenderness parameter adopted in EN 1993-1-4 [1] , the corresponding element class (with the leg of the angle in pure compression being more critical than that in bending), the experimental ultimate moment M u , the experimental ultimate moment normalized by the elastic moment resistance M el , plastic moment resistance M pl and Eurocode predicted resistance M EC3 , as well as the deformation capacities R m and R u which are defined in Eqs.
(1) and (2) and in Fig. 10 .
where θ m and κ m are the rotation and curvature values corresponding to the ultimate moment and θ u and k u are rotation and curvature values when the moment-deformation curve drops down to M pl after the attainment of the ultimate moment. Hence R m is the plastic part of the deformation corresponding to the ultimate load, whilst R u is the plastic part of the deformation when the moment decreases to M pl following the attainment of the ultimate moment as shown in Fig. 10 . The reason for reporting both deformation capacities lies in the fact that in most cases the test had to be terminated due to excessive deformation prior to the attainment of R u . In these cases, the reported R u values are the maximum recorded values prior to unloading of the specimen, and are indicated with a '>' sign in Table 6 .
EN 1993-1-4 [1] does not provide any specific guidance for the design of angle sections in bending and sets out the familiar cross-section classification process to assess the effect of local buckling on their cross-sectional resistance and determine the appropriate moment resistance. Given that the aspect ratio (i.e. M pl /M el ) of angle sections is considerably larger (approximately 1.8 for the tested angle sections) than the aspect ratio of typical I-sections, SHS, RHS and CHS, on which previous research has focused, the effect of cross-section classification on the design resistance is more significant. It should also be noted that even though a Class 1 limit is specified for stainless steel sections, plastic design is currently not permitted for stainless steel structures, despite the high ductility exhibited by stocky stainless steel cross-sections and some encouraging results from recent studies [36] . Nonetheless the deformation capacity of R=3, which is generally used as the minimum required value for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 plastic design of steel structures [37] , can serve as a benchmark value against which the test results reported herein can be assessed.
From Table 6 and Fig. 9 it can be seen that despite the significant difference in terms of local underestimates the resistance of the Class 1 section by 10%, whilst the Class 4 section is predicted to reach less than half of its actual ultimate moment. The code becomes even more conservative for the specimens tested in 3-point bending, highlighting the importance of the moment gradient. The effect of the moment gradient on the structural response of both the angles and channels is discussed further in Section 4.3.
Behaviour of channel specimens and assessment of EN 1993-1-4 provisions
The behaviour of the tested channels is first discussed in the section, after which the provisions of EN 1993-1-4 [1] are assessed. Typical failure modes of the tested channel specimens are depicted in Figs 11 and 12 for channels subjected to bending inducing compressive stresses in the web and tensile stresses in web respectively. Similar to the angle specimens, the channels underwent significant inelastic deformations prior to failing by local buckling, with the local cross-section deformations being more concentrated towards the point of maximum bending moment in the 3-point bending configuration, as can be seen in Fig. 12 .
The load-deformation response of the tested sections is shown in non-dimensional form in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 bending arrangement display an earlier loss of stiffness, lower ultimate resistance and increased deformation capacity compared to their 3-point bending counterparts. This is discussed in more detail in Section 4.3.
For both orientations ('n' and 'u') of minor axis bending, the response is very similar for the same loading configuration for the 2 stocky sections considered (i.e. C40×40×5×5 and C100×50×6×9). However, for the more slender section (C100×50×4×4), a pronounced effect of the orientation of bending can be observed in Fig. 14 , where the specimens in which the web is subjected to compression display superior strength and deformation capacity compared to their counterparts in which the web is in tension and the outstand flange tips are compressed. This is because the section is more susceptible to local buckling and hence more slender is the latter orientation.
The key experimental results obtained from the channel tests are reported in Table 7 , where all symbols are as previously defined. In both bending orientations, two of the tested sections In Fig. 16(a) , the ultimate test moments M u for the channels bent in the 'n' orientation are normalised by the calculated plastic moment capacities M pl (based on measured geometric and material properties), with a value of M u /M pl greater than unity indicating that the requirements for Class 2 cross-sections are met, which all tested sections may be seen to have achieved. In Fig. 16(b) , the ultimate test moments for the channels bent in 'n' orientation are normalised by the elastic moment capacity to assess the Class 3 slenderness limits. Again, all test data points comfortably exceed unity, showing that the existing slenderness limits are safe. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Similar findings are also observed. Note that in Fig. 17(a) , the test data points have been located with respect to the element slenderness αc/tε, where c is the flat width of the outstand element and α is the proportion of the outstand in compression, calculated on the basis of the position of the plastic neutral axis. In Fig. 17(b) , the stress gradient is allowed for through the buckling coefficient k σ , based on the position of the elastic neutral axis.
Overall, in all cases, the codified design resistances are comfortably exceeded by all tested specimens due primarily to the pronounced strain hardening of stainless steel [5] . As in the case of the angle specimens, the design provisions of [1] are more conservative for members subjected to 3-point bending due to the beneficial effect of the moment gradient, as discussed in Section 4.3.
Influence of moment gradient
In Fig. 9 and Figs 13-15 , a clear influence of the moment gradient on both the deformation capacity and the ultimate moment resistance of the tested angles and channels can be observed. Table 8 quantifies that effect for the tested sections. On average, specimens subjected to 3-point bending display 19% higher moment resistance and 46% lower deformation capacity than their 4-point counterparts. The effect of the moment gradient on the rotation capacity [38] and the moment resistance [39] is attributed to the fact that in the 3-point bending configuration restraint to local buckling in the most heavily loaded crosssection is afforded by the surrounding material which is subjected to lower stresses. Given the uncertainty associated with the location and magnitude of live loads and hence the range of possible shapes of bending moment diagram, the current approach to ignore the beneficial effect of the steepness of the bending moment diagram in structural design is considered to be warranted.
Shift of neutral axis
Unlike cross-sections bent about an axis of symmetry, cross-sections bent about an axis that is not one of symmetry experience different stresses on the tensile and the compressive fibres.
If the cross-section is sufficiently stocky not to fail by local buckling prior to the attainment 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 of the elastic moment resistance M el , the spread of yielding and corresponding stress redistribution causes a shift of the location of the neutral axis (NA). The position of the neutral axis has therefore been monitored throughout the tests performed in this study. Based on the readings of the strain gauges (schematically shown in Fig. 6 ) and assuming a linear strain distribution throughout the cross-section depth, the location of the NA has been determined. For elastic-perfectly plastic materials, the NA should initially overlap with the theoretical elastic neutral axis (ENA) location, whilst a shift towards the plastic neutral axis (PNA) location is expected after yielding and with increasing strain values. However, the influence of a rounded material response with strain hardening like that exhibited by stainless steels on the actual position of the neutral axis. y NA and its evolution from the ENA towards the PNA has not been studied to date.
In Table 9 the theoretical locations of the ENA and the PNA, the distance between the two and the distance between the ENA and PNA normalized by the cross-section height (in the plane of bending) are reported for each of the tested cross-sections, where y el and y pl are the distances of the ENA and PNA respectively from the nearest extreme fibre (i.e. the shortest leg for the angle sections, and the web for the channel sections). From Table 9 it can be concluded that the ENA and the PNA are generally relatively close to each other compared to the overall section height.
The measured location of the neutral axis (based on the strain gauge readings) y NA varies during the test, and it should be noted that the accuracy of the determination of the location of the NA is affected by possible errors in determining the exact location of the strain gauges, by flange curling which distorts the shape of the cross-section and by local flexure of the plates due to local buckling. In order to facilitate the comparison of the evolution of the neutral axis location, with increasing deformation for the various sections considered, the normalized position of the NA with respect to the ENA is defined in Eq. (3) as a proportion of the distance between the ENA and the PNA (3)   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15
In Figs 18-20 , the evolution of the relative position of the NA with increasing cross-sectional deformation (measured as normalized rotation for the 3-point bending specimens and normalized curvature for the 4-point bending specimens) is depicted for the A100×65×11, the C100×50×4×4-n and the C100×50×6×9-u specimens respectively. As expected the position of the NA initially at the ENA location, and progresses from the ENA towards the PNA upon departure from the elastic response. However, contrary to cross-sections made of materials exhibiting elastic-perfectly plastic response, in stainless steel cross-sections the NA then tends to move back towards the ENA at high deformation values due to the positive slope in the strain hardening range of the material response.
Conclusions
A detailed account of a total of 16 bending tests on non-doubly symmetric stainless steel sections -4 angles bent about their geometric axis and 12 channels bent about their minor axis, has been given. Both 3-and 4-point bending tests were conducted, whilst both possible orientations of minor axis bending were considered for the channel sections. In line with previous studies on carbon steel angles subjected to pure bending, this paper has highlighted that stainless steel angles and channel sections subjected to bending exhibit significant strain hardening that can be accounted for in design. The EN 1993-1-4 [1] capacity predictions were shown to be excessively conservative, since even the class 4 test specimens comfortably exceeded their plastic moment resistance. This is attributed to the significant strain hardening exhibited by stocky stainless steel sections in conjunction with the high shape factor associated with this type of cross-sections. The evolution of the shift of the neutral axis caused by stress redistribution upon departure of the material response from linearity has been monitored. It was determined that the neutral axis progresses rapidly from the theoretical elastic neutral axis location towards the plastic neutral axis location, whereupon it shifts back gradually towards the elastic neutral axis location, due to the rounded nature of the material response. Finally, in line with previous studies, the influence of the moment gradient (i.e. whether 3-point bending or 4-point bending) was shown to influence both the ultimate moment resistance and the deformation capacity of the tested sections, with specimens subjected to 3-point bending possessing higher moment resistance but lower deformation capacities compared to their counterparts under 4-point bending. Research is   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 underway to extend previous work [40] [41] [42] to incorporate the effects of strain hardening into the structural design of non-doubly symmetric stainless steel sections subjected to bending. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 Note: * Internal web element is in tension in the 'u' configuration 
